). This transcript was differentially expressed and was abundant only in the ER-positive cell MTA3L ( Figure 1A ). The two mRNAs differ in their 3Ј terminal exons and are predicted to produce two highly lines, MCF7 and T47D ( Figure 2A In the ER-negative Hs578t cell line, neither MTA3 nor deacetylase. Therefore, we asked whether the repressive activities of MTA3 and ER␣ were sensitive to HDAC MBD3 immunoprecipitates contained Snail promoter DNA ( Figure 4C ). The MTA3 and MBD3 antisera failed inhibitors ( Figure 3E ). Repression by both MTA3 and ER was completely reversed. In aggregate, these data to precipitate negative controls, the G6PD promoter and the far upstream region of Snail, under any circumstrongly suggest that MTA3 represses Snail in an HDACdependent manner but has no effect on Slug.
stances. Consistent with our inability to coprecipitate MTA2 with MTA3, we did not observe evidence for association of MTA2 with the Snail promoter ( Figures 4A-4C ).
MTA3 Complex Localizes on the Snail Promoter To determine whether MTA3 physically associates with
The negative control rabbit IgG immune complexes also did not contain Snail DNA. To determine whether experithe endogenous Snail promoter, we performed a chromatin immunoprecipitation assay (ChIP). We compared mental manipulation of MTA3 would result in de novo association with Snail, we transfected Hs578t with ER. the ability of MTA3 antibodies to precipitate the Snail promoter in cell lines expressing MTA3 at activated MTA3 immune complexes clearly contained Snail promoter DNA ( Figure 4D ). Neither control rabbit IgG nor (MCF7) and basal levels (Hs578t). Cells were fixed with formaldehyde with or without an initial protein-protein anti-ER antibodies precipitated the Snail promoter. These data demonstrate that MTA3 forms a complex of steroids for 7 days. Subsequently, estradiol was added, and cells were collected at various time points containing other components of Mi-2/NuRD on the Snail promoter in an ER-dependent fashion.
for RT-PCR. While depletion of steroids led to a dramatic decline in MTA3 transcript levels, the addition of estradiol restored expression to control levels within 2 hr MTA3 Expression Correlates with Snail Repression and with E-Cadherin Transcription ( Figure 4F , black bars). In contrast to MTA3, Snail transcript levels were increased in the steroid-depleted meThe ability to manipulate MTA3 through experimental alterations in estradiol constitutes a valuable tool. The dia. However, the addition of estradiol reverted steadystate levels of Snail back to control levels ( Figure 4F ). ER-positive T47D cell line was grown in media depleted 
Consistent with the identification of Snail as a negative
The very rapid reactivation of E-cadherin in these experiments suggested that ER might contribute to its regulator of E-cadherin, levels of E-cadherin mRNA closely paralleled those of MTA3 ( Figure 4F ). This strong transcription. To determine whether estrogen receptor directly regulated E-cadherin transcription, we again correlation between the appearance of MTA3 and the decline in Snail transcript levels is consistent with a grew T47D in the absence of endogenous steroids and pretreated cells with cycloheximide to block new protein direct role for MTA3 in regulation of Snail. Steady-state levels of Slug were unaltered in this experiment, demonsynthesis prior to the addition of estradiol. RNA was prepared and analyzed by RT-PCR ( Figure 4F , hatched strating that Slug expression is independent of estrogen action. bars). To our surprise, MTA3 mRNA levels failed to re-spond to estrogen addition, indicating that estrogen re-ER ( Figure 6D ) and PR (data not shown) failed to demonstrate MTA3 immunoreactivity ( Figure 6B ) and also ceptor does not directly activate MTA3. As expected, Snail RNA levels were unaffected by addition of estradiol lacked strong E-cadherin staining ( Figure 6F Figure 5A ). This result strongly arformed on the entire dataset of all patients ( Figure 7A ), gues that MTA3 expression is sufficient for estrogenas well as four subsets (Figures 7B-7E) . Two of the dependent transcriptional regulation of E-cadherin subsets, ER positive and ER negative as determined through alterations in Snail levels. To address the reby immunohistochemical staining, were provided in the quirement for Snail and for Slug in this system, we utipublic datasets. The final two patient subsets were seplized RNA interference. We designed siRNAs specific arated based on the gene expression data for MTA3 and for Snail and for Slug and demonstrated that transfection divided into MTA3-positive and MTA3-negative subsets, with these siRNAs resulted in decreases in levels of the respectively. The correlation between ER and MTA3 exappropriate mRNA ( Figure 5B ). Analysis of E-cadherin pression was statistically significant for the entire patranscript levels in this experiment revealed that depletient dataset and for three of the four patient subsets tion of Snail led to increases in E-cadherin mRNA. Likeanalyzed ( Figure 7F ). The finding that ER and MTA3 wise, depletion of Slug led to increased E-cadherin tranwere not correlated in the ER-positive subset probably scription ( Figure 5C ). We concluded that MTA3 regulates reflects the involvement of intermediary factors down-E-cadherin through alterations in Snail levels. Furtherstream of ER that directly mediate activation of MTA3 more, Slug also regulates E-cadherin transcription in an transcription, as demonstrated in our cycloheximide ex-ER-and MTA3-independent fashion. periment ( Figure 4F ). In addition, ER and E-cadherin To address the necessity for MTA3 in estrogen depenexpression were positively correlated in all datasets exdent expression of E-cadherin, we depleted endogeamined, and this was statistically significant for both nous MTA3 in HeLa and RL-95 cells ( Figure 5D ). As the ER-negative and MTA3-negative patient subsets controls for RNAi, we used green fluorescent protein ( Figures 7C, 7E, and 7F) . A significant negative correla-(GFP) (Elbashir et al., 2001 ). MTA3 expression was not tion was observed between ER expression and Snail affected by GFP siRNA, and MTA3 siRNA did not influexpression in the ER-negative patient subset (Figures ence the expression of either MTA2 or ␤-actin ( Figure  7C and 7F). Finally, a statistically significant positive 5D). However, MTA3 siRNA led to dramatic declines in correlation was observed between MTA3 and E-cadhboth MTA3 protein and in E-cadherin transcript levels erin expression for the MTA3 positive patient subset compared with controls (buffer or GFP). Snail transcript ( Figure 7F ). levels were significantly increased by depletion of MTA3 while Slug was unaffected. We concluded that MTA3 is both necessary and sufficient for estrogen-dependent Discussion regulation of E-cadherin transcription and that this regulation is mediated through alterations in Snail levels. anism by which receptor status can impact E-cadherin adult life, such a mechanism endows the system with the ability to respond to biological signals through reversible biosynthesis ( Figure 5E ). ER indirectly activates transcription of MTA3 in response to estrogen signaling.
Loss of normal tissue architecture is a hallmark event in disease progression in epithelial cancers. Primary tumors generate cells that invade locally or migrate from
repression of Snail or E-cadherin. Such a strategy imparts considerable regulatory potential to a seemingly MTA3, in turn, forms a transcriptional corepressor complex containing histone deacetylase and ATP-depensimple event-activation of a ligand-inducible transcription factor. Activation of ER leads not only to transcripdent chromatin remodeling functions. This complex is dedicated to gene repression, and one direct target is tional activation, but it also leads to locus specific transcriptional repression through biosynthesis of MTA3.
Snail. Thus, ER action indirectly results in transcriptional repression at Snail. Ultimately, one biological readout
The ability to modulate transcription in both a positive and negative fashion contributes both to the complexity of estrogen signaling through ER is manifested in the expression of E-cadherin and the maintenance of normal and to the plasticity of the regulatory circuit.
In clinical samples, we observed that loss of ER leads to epithelial architecture. In this manner, ER contributes to the maintenance of differentiation in breast epithelia. loss of MTA3, expression of Snail, and loss of E-cadherin. Further, tumors expressing MTA3 also express E-cadhThis pathway utilizes chromatin modifications as a basis for gene regulation. During female development and erin. These data support the data derived from our cell-culture model and strongly suggest that ER is essential pass the requirement for ER-dependent stimulation of cell for MTA3 expression in mammary epithelium. However, proliferation. Examples include amplification of cyclin it is also clear from the clinical data that E-cadherin D1, c-myc, and c-ErbB2 (Lapidus et al., 1998). These transcriptional regulation is complex. We did not obgenetic alterations produce a cellular state in which ER serve a statistically significant correlation between ER function is unnecessary for continued growth and prolifand MTA3 expression in the microarray data subset of eration. In this paradigm, loss of ER, MTA3, and E-cadh-ER-positive tumors. This lack of correlation potentially erin expression should provide a selective growth adreflects the involvement of additional factors in the pathvantage in the tumor microenvironment by increasing way between ER and MTA3. The cycloheximide experithe probability of invasion and metastasis. Thus, the ments performed in cultured cells further support the pathway described in this work provides a molecular existence of such a factor(s). We initially considered the mechanism by which loss of ER expression promotes progesterone receptor as a prime candidate for direct tumor progression. regulation of MTA3 transcription, based on the documented roles of PR in differentiation of mammary epithe- tors, contributing to cell type-specific patterns of transcription.
Antibodies and Western Blotting
Estrogens have long been known to have mitogenic MTA3 antibodies were generated in rabbits using GST-fused MTA3 functions in breast cancer cell lines and in breast tumors trogen independent through genetic alterations that by- Tables S1 and S2 62, 1613-1618.
